Texture plays an important role on image analysis and computer vision. Local spatial variations of intensity and color indicate significant differences among several types of surfaces. One of the most widely adopted algorithms for texture analysis is the Gabor wavelets. This technique provides a multi-scale and multi-orientation representation of an image which is capable of characterizing different patterns of texture effectively. However, the texture descriptors used does not take full advantage of the richness of detail from the Gabor images generated in this process. In this paper, we propose a new method for extracting features of the Gabor wavelets space using volumetric fractal dimension. The results obtained in experimentation demonstrate that this method outperforms earlier proposed methods for Gabor space feature extraction and creates a more accurate and reliable method for texture analysis and classification.
Introduction
Texture reflects the variations of optical properties on object surfaces. Different surfaces produce distinctive texture patterns. This makes texture an important source of discriminating information for image classification [1] . Recently Gabor filters have become a widely used technique for texture analysis. These filters have desirable characteristics of localization on spatial and frequency domains being the best method to represent a signal jointly in both domains. Using this filter we can create multi-scale and multi-orientation representations of an image each with unique characteristics. The process consists on the convolution of an image with a series of filters constructed by varying its scales and orientations. Energy is then used as the descriptor of each convoluted image to form the final feature vector. However, a single measure such as energy has a limited power in seizing the richness of detail of the generated images. Recent work done on the field attempts to generate methods to extract more useful information of the Gabor space: First and second order statistic descriptors. Invariant moments that achieve resistance to rotation, translation and scaling [8] [9] , [4] , [11] . And more recently, the local binary pattern (LBP) operator offering the best results found in the literature [12] , [13] , [14] .
In this paper, we introduce the use of fractal descriptors on the Gabor space as an alternative to improve the feature extraction process. This proposed method improves the results obtained by the Gabor wavelets process. This new method consists in calculating the fractal signature of each convoluted image and generating a feature vector that concatenates these signatures into a final vector.The article starts by making a quick review of Gabor filters and feature extraction from Gabor space. Next, the proposed method is presented. Finally experiments are performed with the Brodatz texture database where the method is compared with the most important feature extraction methods of the Gabor space found on the literature: first and second order statistics and local binary patterns. The article ends with the final discussions and conclusions.
Gabor Wavelets
In recent years the Gabor filter has become popular in image processing and analysis, particularly in texture feature extraction [3] . Besides the classical approach in texture, the filter has been used in other applications such as biometrics [23] , image segmentation [8] , pattern recognition and OCR [24] .
The two-dimensional Gabor transform is a complex sine wave with frequency W modulated by a Gaussian function. Its form in space g(x, y) and frequency domains G (u, v) , is given by Eqs.1 and 2:
Although the Gabor transforms is older than wavelets, due to its multi-scale nature it can be used as mother wavelet. For the process is employed a filter bank constructed by varying the scale and orientations of each filter. In [3] the authors describe how to compose the bank of Gabor filters to make the Gabor wavelet with a set of parameters that assures maximum spectrum coverage with lowest redundancy. We use this approach to design the Gabor wavelet.
The Most common approach to analyze and characterize textures with Gabor is to adopt a set of filters with different scales and orientations. This characterizes the Gabor wavelets process [3] , then each filter is convoluted with the image as shown in Figure 1 . For each of the spaces obtained a feature is extracted. A simple way of extracting this feature is using energy as the general descriptor. The energy of each space is concatenated into a feature vector according to:
Where M and N are the number of scales and orientations respectively.
Fig. 1. General process used to obtain the Gabor signatures

Feature Extraction on the Gabor Space
Most of the methods found in the literature makes use of statistical descriptors.
Being fairly simple to compute, they have the advantage of generating feature vectors of low dimensionality. The descriptors that obtain the best results are based on first and second order statistics: Variance, energy and percentiles [5] . Other approaches use descriptors based on the local binary pattern (LBP) operator. The LBP operator analyzes the image using a nxn window generating a binary code for each region. Then a histogram with the values obtained for each window is generated and this represents the feature vector of the image. The LBP operator has proven to be one of the most suitable texture descriptors found on the literature, and it has been successfully applied in the Gabor wavelets process [12] (LBP1), [13] (LBP2).
Volumetric Fractal Dimension
The fractal concept was first used by Mandelbrot in his book [18] . This concept suggests that natural objects are not formed by Euclidean geometry objects; instead, they form sub-patterns that are repeated to form more complex objects. In recent years this concept has been widely used in the field of image analysis [19] , [20] . Many natural forms have fractal patterns (structures of plants, coastlines, plants). The fractal dimension of the image is taken as a measure of the irregularity of the objects. However, in order to calculate the fractal dimension (FD) of non-fractal objects we need a method to estimate the FD in discrete finite images. One of the most accurate methods to calculate the fractal dimension of a non-fractal object is the Bouligand-Minkowski method [19] . To calculate the volumetric fractal dimension (VFD) using the Minkowski-Bouligand method on a grayscale image we must first readapt the image. For this we use the approach taken in [20] . The 3-D projection of the image is generated from a grayscale image to meet the conditions to apply the Euclidean distance transform. Each pixel of the image is transformed into a point p = (y, x, z) S, where Y and X correspond to the coordinates of the pixel in the image and z = f (x, y) is the intensity. Then the Minkowski-Bouligand fractal dimension of the surface S can be estimated by:
log(V (r)) log(r) (4)
This method calculates the variation of a volume V (r) given by the application of exact dilations of the image f (x, y) with a sphere of radius r. Small changes on the structure of the image can produce significant changes in the calculated FD. The FD and V (r) are given by:
Experimentation and Evaluation
Image database. In experiments we used the Brodatz texture database [22] . This album has been widely used to test and compare techniques used to extract texture features. The album is composed of 111 images of artificial textures. From this album we derive an image database formed by selecting 10 random non-overlapping windows of 200 x 200 pixels size from each image in the original album. These images are coded in 8-bit depth and saved in a lossless format. The final database generated is composed of 1110 images with 111 classes and 10 images per class. Some samples are shown in Figure 2 . The classification of the samples was made using a Bayesian probability method. Specifically, the Naïve Bayes method. The 1110 samples are divided in training and testing set in a proportion of 8 to 2. This means 80% of the samples were used for training and 20% for testing with a random selection of each set ensuring that each class is represented with a consistent number of samples. This scenario is repeated 10 times in order to obtain an accurate and robust estimation of the predictions for each class. Moreover, to determinate the best combination of the Gabor parameters and the feature extractor we use a wide range of scales and orientations for all the experiments. The near ideal parameters for the Gabor filters are extracted from [3] . The use of Eq. 7 generates a signature ψ composed of N descriptors where N is the number of exact dilatations possible for a radius r max . In order to reduce dimensionality we used a technique to extract the most important features of the signature called Fourier descriptors. Using this technique we obtain the approximate number of descriptors necessary to obtain the best results while keeping the dimensionality of the feature vector as low as possible.
The average success rate, standard deviation (of the success rate), the root relative squared error and reliability (average a posteriori probability for samples correctly classified) are presented in the Table 1 . These values are used to asses the results and accuracy of the data modeled using the proposed technique. The maximum radius of expansion used for Eq. 7 was 9 and 16. According to [20] these values obtain the best results in classification. We only present the table corresponding to the results using a radius of 16 because it was proven on [20] that these value achieves better performance and more reliable results. Table 1 shows that the best result is obtained with 22 descriptors of the fractal signature obtaining a mean average success of 91.89% using a radius of 16 for Eq. 7 for the proposed technique. The results obtained can be compared with the other feature extractors in Table 2 using several parameters for the Gabor Wavelets. In experimentation we determinate that the alteration of other parameters on the Gabor process produces similar variations on all the methods without any significantly improve or deprecation on the results; therefore, we only used U l = 0.05, U h = 0.3 as fix parameters for the Gabor Wavelets.
In our experiments energy feature achieves 81.93% of images correctly classified on 4 scales and 6 orientations in concordance with the model and results presented on [3] . For the other feature extractors results are increasingly better accordingly to the technique used obtaining close results with the LBP methods but with higher dimensionality. From the results observed it can be shown that the proposed method offers the best performance and presents a great alternative for improving the Gabor wavelets process.
Conclusions
This paper presents a new approach for feature extraction by applying volumetric fractal dimension instead of energy in the Gabor wavelets process. The proposed method obtains significantly better results than other methods studied on the literature. Both the accuracy and reliability of the model show its robustness and reliability. The proposed method achieved 91.89% of images correctly classified with 93.62% reliability while maintaining an acceptable dimensionality. Therefore, considering the promising results in texture analysis and classification we can determine that the volumetric fractal dimension is a suitable technique to exploit the richness of detail of the images resulting from the convolution on the Gabor wavelets process. The method can be applied in many classification tasks due to the power of effectively representing and differentiating micro and macro texture.
